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This document contains the mechanical property data for polyurethane foam
(96-kg/m3

) at 295, 111, 76, and 4 K. The engineer or scientist will find the

data included in this report valuable when designing with polyurethane foam.
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Tensile, Compressive, and Shear Properties of a 96-kg/m 3 Polyurethane
Foam at Low Temperatures

J. M. Arvidson, R. S. Bell, L. L. Sparks, and Chen Guobang

Polyurethane foam, having a density of 96 kg/m3
, was tested at 295, 111,

76, and 4 K. The material properties reported are Young's modulus,

proportional limit, yield strength (at 0.2% offset), tensile, shear, and

compressive strengths, and elongation (elastic and plastic). The test

apparatus permits tension, compression, and shear testing of materials at any

temperature ranging from 295 to 1.8 K. Strain is measured with a concentric,

overlapping-cylinder, capacitance extensometer that is highly sensitive and

linear in output. The extent of linearity was in excess of 2.5 cm for the

—6
cylinder geometry chosen, and the signal noise level was only 10 cm/cm.

Key words: compressive strength; elongation; foam; insulation; low

temperatures; mechanical properties; proportional limit; shear strength;

tensile strength; yield strength; Young's modulus.
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1 . INTRODUCTION

In a continuing effort to increase the available knowledge of the mechanical

properties of polyurethane foam (PU) , a foam of density 96 kg/m 3 was subjected

to the same test program as was previously conducted on less dense

materials [1,2], The data presented will complete a three year effort to

characterize the mechanical properties of three densities of PU foam at low

temperatures. Previous reports on the mechanical properties of 32 and 64

kg/m3 density foams may be obtained from the National Technical Information

Service (NTIS) , Springfield, VA 22161 (request NBSIR 81-1654 and NBSIR

83-1684 respectively).

The apparatus used [1,2] has the capability of operating at various

temperatures (295 K to 4 K) , in gas or liquid environments and at pressures

from subatmospheric to 0.3 MPa absolute. Strain is measured by utilizing

concentric overlapping-cylinders and the change in electrical capacitance [3].

This method for strain extensometry is accurate to better than 0.1 percent,

linear in excess of 2.5 cm elongation, functions well in low temperature

•"6
environments, and provides a low-noise output signal (<_ 10 cm/cm) as long as

the device is situated in a stable single-phase fluid [4,5]. The calibration

can be accomplished at room temperature, in air, and to conduct a test in any

other medium (e.g., liquid nitrogen) the original calibration need only be

corrected for the change in dielectric constant [6]

.

2. MATERIAL CHARACTERIZATION

The material tested in this study is a nominal 96 kg/m3 PU foam. This

amorphous, organic polymer is a thermosetting foam. Our supply of this

material was obtained from a commercial producer.
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The shear specimens, 1.9 X 2.54 X 0.4 cm, were epoxied to flat plates and

each plate was attached to the tensile pull-rod system. An aluminum cylinder

slipped over the specimen plates with a resistive heater and thermocouple,

built into the cylinder, was used for temperature control during a test.

4 . TEST PROCEDURE

Tests were conducted at 295 K (air). 111 K (GN^) , 76 K (LN^) , and 4

K (LH ). A minimum of three samples were tested at each temperature, ar.d in
e

some cases several more were tested to determine material variability.

Minimization of thermal shock to the sample was accomplished by using very

slow transfer rates of liquid helium or nitrogen; on the order of 0.2 l min

A given temperature was held for a minimum of 15 minutes prior to testing, in

order to ensure that the specimen was isothermal.

Each specimen was "conditioned" in an environmental chamber for at least

four days at 23°C and 50 percent relative humidity. Tension, compression, and

shear tests were conducted using a conventional tension/compression test

-3 -1
machine at a strain rate of 5 X 10 min . Preliminary tests were conducted,

-2 -4 -1
varying the strain rate from 5 X 10 to 5 X 10 min . The test results

indicated there was no measurable effect on the mechanical property values.

Tensile and compressive properties reported include: Young’s modulus,

proportional limit, yield strength (at 0.2% offset), ultimate strength, and

elongation (elastic and plastic)

.

5 . RESULTS

Results are presented in figures 1 through 12 and tables 1 through 6.

The bars on these figures indicate the data spread from replicate tests. The

scatter is typically higher for compression and shear than for tensile tests

3



because the compressive and shear tests are more sensitive to misalignment

during testing (tensile specimens tend to self-align)

.

All properties were determined in both the longitudinal and transverse

orientations. The temperature dependent tensile results for Young’s modulus,

strength, and strain are shown in figures 1 through 3. Tensile stress versus

strain at all test temperatures is shown in figure 4. Temperature dependent

compressive results for Young’s modulus, strength, proportional limit, yield

strength, and strain are shown in figures 5 through 9. Compressive stress

versus strain at all test temperatures is shown in figure 10. Figure 11 shows

a typical load versus displacement plot that was taken during an actual test.

The shear strength versus temperature is plotted in figure 12.

Tables 1 through 3 give the tensile, compressive, and shear results for

individual specimens and tables 4 through 6 give the average values for all

tests

.

Owing to material variability, the stress versus strain graphs were

plotted as smooth curves, which do not illustrate the individual cell failure

phenomena. Each stress versus strain curve at a given temperature and orienta-

tion is the average of three or more specimens tested.

6. DISCUSSION OF RESULTS

Compressive and tensile strength, proportional limit, yield strength, and

Young's modulus increase with decreasing temperature. The longitudinally

oriented specimens are always higher in strength than those obtained from the

transverse orientation.

4



As shown in figure 3, tensile strain decreases with temperat\ire as the

material becomes brittle at temperatures below 111 K. Both tensile and

compressive stress versus strain plots (see figures 4 and 10) illustrate the

behavior of longitudinal and transverse specimens tested at 295, 111, 76, and

4 K.

Figure 11 is an actual record of load versus displacement for a typical

specimen. The load drops that occur at low temperature may be associated with

individual or multiple cells collapsing [7,8]. Because the material is less

brittle at room temperature this phenomena is not seen.

The shear strength, as shown in figure 12, increases from room

temperature to 111 K and then levels off as the test temperature decreases to

4 K. The large range of values of shear strength at a given temperature, as

shown in figure 12, could result from misalignment during a test; and except

for tests at 76 K the longitudinal and transverse curves are similar.

It is believed that thermal cycling produces cell degradation [9]

.

Variables such as thermal cycling, moisture content, aging, and others could

be studied in the near future.
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Table 3. Shear strength test results for a 96-kg/m 3 polyurethane foam

Specimen
number

Test
temperature ,

K

Specimen
orientation

Shear
MPa

strength

,

psi

SL1 295 L 0.902 130.76
SL5 295 L 0.812 117.80
SL10 295 L 0.824 119.53

x = 0.846 122.70

ST2 295 T 0.955 138.52
ST9 295 T 0.864 125.33

ST 14 295 T 0.860 124.78

x = 0.893 129.54

SL2 111 L 1.218 176.70

SL6 111 L 1.051 152.38

SLl 1 111 L 1.073 155.67

X = 1.114 161.58

ST4 111 T 1.102 159.83

ST6 111 T 1.063 154.18

STIC 111 T 1.162 168.55

X = 1.109 160.85

SL3 76 L 0.938 136.10

SL7 76 L 1.073 155.62

SL 12 76 L 1.062 154.06

X = 1.025 148.59

ST3 76 T 1.150 166.73

ST 11 76 T 1.114 161.59

ST16 76 T 1.090 158.13

X = 1.118 162.15

SL4 4 L 1.069 155.03

SL9 4 L 1.152 167.05

SL 15 4 L 0.973 141.05

X = 1.064 154.38

ST 1 4 T 0.975 141.48

ST7 4 T 1.014 147.05

ST 13 4 T 1.071 155.32

X = 1.020 147.95

22



Table

4.

Summary

of

tensile

test

results

for

a

96-kg/m

3

polyuretane

foam

(average

values)

04

mo

G
Li

3
u
G
Li

01

CL
B
G
H

04

C
o

3 -H
G 4->

B 3
•H 4J
O c
G 0)

CL -H
co Li

o

CM 00O o
CM 00

m
oo

uo m
<r o

— CM
UO MO
cm

*» #»

m cm

m o
—H O
m oo
o oo

i i

l i

l i

l I

l i

l i

l i

r-'- in
CTN O'
O' O'

MT 1
—

1

r-

co CM
O 00

I I

I I

I I

I I

i-J H hJ H hJ H

-'-s t-"

r-i cm

CM O
CM 00
CO CM

m co
CM CO
CM O'

m co
o o
in *"*m

—l CO
CO CM

CM CO
O'

r—I UO

CM

—* mc
O' CM

CM UO
O' UO
CM CM

O r-
CM mO
O c-

CM —I

^—

s

"N
/""S /-S O c-\ CO /~\
r- Ob r—

4

00 <3M

—

•

O ON • 00 • •

04 co on • • CT\ • on
»l ln on —

1 u* O r^
uo r^- <r uo r—

H

Csl —

)

O 'w' 'w' ^ '>-c' 'w' ' V—
CM

vD r- <r r-» <r Csl ON
<r vo *—H «—

i

CM UO —1 CO
• • uo <3- 00 MO Vt CsJ

o m • • • • • •

m co o o o o i—H r-

H

i—< H

00 O 00

—I O r-l

00 O 00

>—
i O '

—

1

—I o o
CM O CM

00 O 00

—I CO ?—

t

O O O
CM O CM

m o uo

CM O 04

O O O uo CO 00

CO uo 00 CO U0 00

S'?

4-1 •H c
G CO H

1—

1

cn C cO

G U-l 0) Li

3 *M u 4-1 u a G
/—N o /—

N

o s * / S co •rH •H "H
1—

1

to •* •H •rH rC •H CD x: -h 4~> -H i—

i

4-1

G •u cn cn CO 4-1 CO 4-> 6^ cn u 4-i cn G CO CO 3 cn

•H M - 0 O- Li * CL 00 CM CG cfl 00 CL i—

1

C3 03 4-1 G
u 0) 00 rH O 4-» > 03 3 • M—

/

£ C ^ •H rH rH O i—

i

G CL 3 3 CL •H rM G O •H G cn w CH H w
u O 3 TO cti O e a g Li G •U M co C
G m O C PLj Li •H &̂

4
•H 4-) cat Pi rH 4-1 CLl G

s CL >- B § PLi i
—

1

CO w 32 cn s H

23

Plastic

Total



Table

5.

Summary

of

compressive

test

results

for

a

96-kg/m

3

polyurethane

foam

(average

values)

/-N /-S / V /-> yr-s /'-N

CN CO Oh Oh co co r^ UO
O <3- CN r~- oo uo CN
CN LO • • • • • •

co CO oo o <r 00
co o o m o CO uo
r-H r-H CO CN co co <3* CO

i—y -^y

uo v-O lo r—

H

o r-H r-H i
— as

• • r-H 00 <r o Os
r-H CN • • • • • •

co CnI r-H CN Csl CN CN

m oo i—
i <t co m

n r—i tn to o o

0)

3
3
3
<3

3
3
3
E
3
H

/—

s

/-S /—N *—S /—S y—N y-N
CN NO u0 uo O r-H mo co

CN o o oo <r m mo
co CO • • • • • »

<H <* co <r no m cr^

3 o 00 ^ O *

—

1 o~\ <r
r—H CN CN CO CN CO CO vC CO CN NO coo Sw' 3/ 'w' 'W' 'w' • • o • • •

co vO o <3- 00
CO CN <r o t—H sQ 00 CN r-H

CO o o r- O CN *3
• • <r r-H 0> 3 NT

r-H • e • • •

UO r-H r—H CN r-H CN CN

co 00 /--N y^S /~S
Os o -h NO ON CO CO

3 O CO • * • • • •

- as CN 00 o —

»

r—H CO co o O NO co r-H oo uo CN
r—H '—

'

c\) cn CO CN co co • • • • • •

r—H

o
w w w w w w CO uO On

3 o co -cr as m UO Oh
• • so <r o oo U0 CN

04 r—H • • o • • o

3> m r-H r—H CN r-H Csl CN

/—N /—N /"~N /—s
y^“N /^s yy—N /—s CO co 00 r-H

CN Oh r-H O 00 NO r”H O
O'* uO CN Csl • • • •

r-H r-H • • o o nt as
*\ <* r-H 00 CN O <r cn

& <T CO as i—H r—H r-H r-H 3 N O r-H VsO Cn.

S S / 'w' S Sw' s»-3 • > • • • •

uo CO CN <J- CN NO
as r-H Oh as as cn <j- <r o
CN as CN co CO CT\ CT\ O'*

• • NO uo 00 3> CO 00
00 »-H • • • • y •

CN CN o o o o o o

3
O

3 -H
3 3
E 3
•H 3
o 3
3 a)

3, -H
CO 3

o

31 H 31 H 3 3*

X •>

3 H

3 60 W
3 3 QJ 3 3 u u CJ o
3 3 3 > > is? •H •H •H •H

/^~S O —

N

3 3 y—

.

"H - ^

.

•3 4-» U rH 4-» U r—

1

1—

1

3 *H •H •H 3 3 3 3 X -H 3 #\ cn cn 03 cn cn 3
C3 4-> cn cn cn 3 cn cn o cn E 3 3 3 3 c cti C3 U cd cd 3
•H 3 3 Pu 3 - P- 3 3 3 00 3 3 •H 1—1 rH o r—H i—

i

O
U 3 00 i—

1

O 3 S ' T3 w E 3 3 3 c3 (j-4 PH H w Ph H
a) 3 3 3 3 -3 f—

i

CM •H 3 3 3 JH

-u O 3 -3 03 O & CCJ 3 • 3 X E 3 3 E 4-)

a3 3 O O 3 -H Ph •H O 3 3 o 3 3 o cn

S 3 13 E § 3 3 S >i s o 3 Is u

24



Table 6. Summary of shear strength test results for a 96-kg/m 3

polyurethane foam (average values)

Test
temperature, K

Specimen orientation Shear
MPa

strength

,

psi

295 L 0.846 122.70
T 0.893 129.54

111 L 1.114 161.58
T 1.109 160.85

76 L 1.025 148.59
T 1.118 162.15

4 L 1.064 154.38
T 1.020 147.99
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